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ABSTRACT
RNA dependent DNA-polymerases, reverse tran-
scriptases, are key enzymes for retroviruses and
retroelements. Their fidelity, including indel gener-
ation, is significant for their use as reagents in-
cluding for deep sequencing. Here, we report that
certain RNA template structures and G-rich se-
quences, ahead of diverse reverse transcriptases
can be strong stimulators for slippage at slippage-
prone template motif sequence 3′ of such ‘slippage-
stimulatory’ structures. Where slippage is stimu-
lated, the resulting products have one or more addi-
tional base(s) compared to the corresponding tem-
plate motif. Such structures also inhibit slippage-
mediated base omission which can be more frequent
in the absence of a relevant stem–loop. Slippage di-
rectionality, base insertion and omission, is sensitive
to the relative concentration ratio of dNTPs specified
by the RNA template slippage-prone sequence and
its 5′ adjacent base. The retrotransposon-derived
enzyme TGIRT exhibits more slippage in vitro than
the retroviral enzymes tested including that from
HIV. Structure-mediated slippage may be exhibited
by other polymerases and enrich gene expres-
sion. A cassette from Drosophila retrotransposon
Dme1 chrX 2630566, a candidate for utilizing slip-
page for its GagPol synthesis, exhibits strong slip-
page in vitro. Given the widespread occurrence and
importance of retrotransposons, systematic studies
to reveal the extent of their functional utilization of
RT slippage are merited.
INTRODUCTION
Non-standard events during the elongation phase of tran-
scription can either enrich gene expression or contribute
to erroneous and wasteful expression. An example of the
former is selection for reverse transcriptase-mediated mul-
tiple alternative base substitutions to lead to pathogen
surface variability to evade host defenses (1). A differ-
ent type of productive non-standard polymerase action
involves realignment of the template:product hybrid at a
slippage-prone sequence to yield product with extra or
fewer base(s) than present in the corresponding template
sequence (2). This has been studied with DNA-dependent
DNA polymerases, DNA-dependent RNA polymerases,
RNA-dependent RNA polymerases and RNA-dependent
DNA polymerases (reverse transcriptases, RTs).
Evolutionary selected transcription slippage is utilized
in the expression of viruses such as the Paramyxoviruses,
Sendai virus and Parainfluenza virus (3,4), the Filovirus,
Ebola virus (5–7), the large Potyviridae family (8–10), chro-
mosomal genes such as Thermus thermophilus dnaX (11),
numerous genes in an endosymbiont (12), a variety of bac-
terial Insertion Sequences (13–16), several medically impor-
tant plasmid genes of Shigella flexneri (17–19), and coun-
terpart chromosomal toxin secretion genes in Citrobacter
rodentium and Yersinia pseudotuberculosis (20). Further, an
extensive bioinformatic analysis of bacterial genomes has
revealedmany candidates that have yet to be experimentally
explored (13,15,16). Transcriptional indel errors are rele-
vant to certain disease states (21–25) and maybe significant
for aging (26,27).
One common bacterial type of transcriptional slippage-
prone sequence involves 9 or more A’s or T’s (28); other
repeats have also been analyzed (29). Dissociation of the
nascent RNA from its template hybrid complement al-
lows realigned pairing in either direction. A well known
Paramyxovirus heteropolymeric slippagemotif is composed
of A’s followed by G’s with the identity of the mis-paired
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base in the new re-aligned hybrid being important in de-
termining slippage directionality (30,31). Nearly all work
has focused on slippage involving a linear (unstructured)
template. However, there is evidence that a protein road-
block or template structure ahead of a DNA-dependent
RNA polymerase transcribing a slippage motif can stim-
ulate realignment (2,32,33). Also there is one report of
roadblock-mediated RT slippage where a polymerase by-
passes an RNA-structure forming sequence prior to re-
sumption of synthesis (34). The present work does not ex-
plore RT generation of product lacking sequence comple-
mentary to template sequence present in RNA structure.
Despite these studies of transcription slippage, and sev-
eral studies of reverse transcriptase fidelity including (34–
37), significant issues concerning RTmediated indel forma-
tion merit investigation. The use of RT as a lab reagent
is one of the reasons why their slippage propensity is of
interest (38). However, RTs do not contain 3′ exonuclease
proofreading activity and their templates are prone to form
structures at the ambient temperature at which these en-
zymes act. Better reagent polymerases have been developed
from thermophilic DNA-dependent DNA polymerases by
adapting their catalytic activity to function with RNA tem-
plates (39–41), or derived from existing RT polymerase by
genetic engineering (42). Though the derived enzymes have
the beneficial quality of lower base mis-incorporation due
to higher accuracy for substrate selection (39), their indel
fidelity remains to be explored.
The natural functional utilization of reverse transcrip-
tase activities also enhances interest in deeper understand-
ing of their propensity for indel formation. Reverse tran-
scriptase activities are naturally essential for retroviruses
and, retrotransposons, CRISPR spacer acquisition from
RNA as a defense mechanism (43), and maintenance of
chromosome ends (44). Further, the retron reverse tran-
scriptase that yields msDNA (45) is significant for bacteria
pathogenicity and colonization (46).
Here, we analyze the slippage propensity of different
retroviral RTs as well as a retrotransposon counterpart.
This study involves utilization of identical test sequences
encompassing relevant stimulatory features and specific
slippage-prone motifs. In addition, specific slippage candi-
date cassettes for natural RT slippage were also tested with
their relevant RT enzymes.
The starting point for the present work was an unex-
pected result from a control for experiments in which re-
verse transcriptase slippage would confound the issue being
addressed. A 6bp-stem 4nt-loop nascent transcript struc-
ture (here named ‘model’ stem–loop) stimulates E. coli
DNA-dependent RNA polymerase transcriptional realign-
ment at a 3′-A5G5–5′ motif which on its own is an inefficient
slippage site (47). Analysis of the productRNAgenerated in
that study involved reverse transcription by SuperScriptTM
III (derived from Moloney Murine Leukemia Virus RT).
For the experiments included in that publication, the con-
trols to distinguish whether indels in its product DNA de-
rived from the initial DNA-dependent RNA polymerase
step, or subsequently from product cDNA reverse tran-
scriptase slippage, revealed no reverse transcriptase slip-
page. Follow-up work tested potential nascent RNA stem–
loop structure stimulation of slippage at runs of A shorter
than 9, the minimal needed for efficient slippage at such
motifs. In this unpublished work, a significant proportion
of the reverse transcriptase product of one 75 nt chemi-
cally synthesized RNA template with an inverted repeat
with potential to form the ‘model’ stem–loop 5′ adja-
cent to 8 A’s, had an extra T. This control experiment
prompted the present investigation of RNA template stem–
loop structure-mediated reverse transcriptase realignment.
MATERIALS AND METHODS
RNA template constructs
Preparation of RNA templates (quadruplex cassettes) with
T7 RNA polymerase is described in Supplementary Meth-
ods. Chemically synthesized RNA templates and DNA
oligonucleotides were from IDT-DNA (Supplementary Ta-
ble S1).
Reverse transcription
Retroviral reverse transcriptase enzymes were purchased as
follows: SuperScript™ III (Invitrogen), AMV (Biolabs), M-
MulV (Biolabs), HIV-1 RT and HIV-2 RT (Abcam) and
the retrotransposon TGIRT enzyme (InGex). In general
when not indicated in the main text, RT reactions for Su-
perScript™ III, HIV-1, HIV-2 RT enzymes were with Super-
Script™ III buffer 1X (50 mM Tris–HCl, pH 8.3 at 25◦C, 75
mM KCl, 3 mM MgCl2, 5 mM DTT). For AMV (50 mM
Tris–HCl pH 8.3 at 25◦C, 75 mMKOAc, 8 mMMg(OAc)2,
10 mM DTT) and M-MulV (50 mM Tris–HCl pH 8.3 at
25 ◦C, 75 mM KCl, 3 mM MgCl2, 10 mM DTT). For the
TGIRT reactions two alternative buffers were used. The
buffer for the template switching reaction contained 450
mM NaCl, 5 mM MgCl2, 20 mM Tris–HCl pH 7.5 (48).
The buffer for testing retrotransposon slippage candidate
cassettes contained 75 mM KCl, 10 mM MgCl2, 20 mM
Tris–HCl pH 7.5 (49).
RT reactions with retroviral reverse transcriptases in-
volved a pre-annealing step of the RNA template (100 ng):
DNA Primer (2 pmol) (Supplementary Table S1), in the
presence of the dNTP substrate (with the specific concen-
trations of each indicated in the main text), with the pres-
ence or absence of antisense where indicated (2, 20 or 200
pmol), in 10 l reaction volumes. With wtSL or MUTsl
RNA templates, incubation was at 65◦C for 5 min before
chilling on ice. For G-rich RNA templates with potential
to form structure formation larger than that of the model
stem–loop wtSL, the annealing mix had in addition 10 mM
KCl and the annealing step was at 95◦C for 30 s with a 1◦C
temperature decrease (from 95◦C to 16◦C) every 30 s. On
completion one of several different 10l reactionmixes was
added and incubated for 50 min at the temperature indi-
cated. One reaction mix contained 100 units SuperScript™
III, 1X SuperScript™ III buffer and 20 mMDTT––this one
was incubated at 52 ◦C. The AMV reaction mix contained
10 units of enzyme and 1× AMV buffer-incubation was at
37◦C.TheMuLV reaction contained 10 units of enzyme and
1×MuLV buffer-incubation 37 ◦C. TheHIV-1 reactionmix
contained 4 units enzyme (1.7 pmol), 1× SuperScript™ III
buffer and 20 mM DTT-incubation 37◦C. The HIV-2 reac-
tion mix contained 0.2 units enzyme (1.7 pmol), 1× Super-
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Script™ III buffer and 20 mM DTT-incubation 37◦C. On
completion a further incubation, which was at 85◦C, fol-
lowed for 5 min.
TGIRTRT reactions involving template switching are de-
scribed in Supplementary Methods. Analysis of the candi-
date retrotransposon slippage cassettes was performed us-
ing a specific DNA primer complementary to the 3′ end
segment of the test RNA. A mix of 100 ng RNA with 4
l 10 M specific primer and 10 l 2× TGIRT ‘low salt’
buffer in a total volume of 18 l, was incubated at 65◦C for
5 min and chilled on ice. Then 1 l 10 M TGIRT enzyme
was added. The premix was pre-incubated at room temper-
ature for 30 min. Reaction was initiated by adding substrate
dNTPs as indicated in the text and incubated for 10 min at
room temperature. In the final 20 l reaction mix, the final
concentration of primer was 2 M and of TGIRT enzyme
was 500 nM. Then, 1 l 5 M NaOH was added and incu-
bated at 95◦C for 3 min. It was neutralized with 1 l 5 M
HCl. cDNA was then purified with a silica-based column
following the procedure described in Supplementary Meth-
ods. Elution was with 20 l RNase free water (Supplemen-
tary Table S1).
Polymerase chain reaction
Each specific cDNAwas amplified using the corresponding
set of forward and reverse primers (Supplementary Table
S1). Standard PCR reactions were 50 l volume and con-
tained: 1× Thermo buffer (Biolabs), 2 l cDNA or 4 nM
DNA oligo, 200 M each dNTP (Biolabs), 500 nM each
specific primer, and 0.8 unit Taq DNA polymerase (Bio-
labs). The PCR cycle was: denaturation at 94◦C for 5 min,
then 25 cycles of denaturation at 94◦C for 30 s, annealing
at 52◦C for 30 s and elongation at 72◦C for 30 s. This was
followed by a final elongation at 72◦C for 1 min.
Limited primer extension
IRD700 fluorescent 5′-labeled oligonucleotides were from
IDT DNA. The standard limited primer extension reaction
was in 12.5 l volume with 1× Thermo buffer (Biolabs), 12
nM of a specific IRD700-labeled fluorescent primer (IDT-
DNA, Supplementary Table S1), a mix of 1 M of three
dNTPs with the missing dNTP replaced by the correspond-
ing terminator chain reaction acydNTP (Biolabs) at 50M,
and 0.6 unit of Vent exo-polymerase (Biolabs). The quan-
tity of (RT)-PCR template was about three times lower
than that of the fluorescent primer. On average each primer
molecule is utilized on 20 occasions for chain extension dur-
ing the 60-cycle PCR reactions. The PCR cycle was: denat-
uration at 94◦C for 2 min, then 60 cycles of denaturation at
94◦C for 30 s, annealing at 55◦C for 30 s and elongation at
72◦C for 30 s. The final elongation was at 72◦C for 2 min. In
all cases each RT reaction and its subsequent analysis was
repeated at least twice. Reaction products were analyzed on
15% sequencing gels. Image capture was performed with a
LiCor Sequencer.
RESULTS
RNA template stem–loop is a key factor for reverse transcrip-
tase slippage directionality on 7A’s and 6A’s
Initial experiments investigating a possible role for stem–
loops in stimulating indel formation utilized SuperScript™
III, the widely used genetically engineered RT and two
chemically synthetized 75 nt RNA constructs containing
7A’s. These specified the WT, or a variant, of the ‘model’
RNA stem–loop structure 5′ adjacent to 7A’s. The first
construct ‘wtSL-A7’ has the WT sequence specifying the
‘model’ stem–loop 5′-GCGGGCgcaaGCCCGC-3′, with
the potential of base pairing indicated in upper case. The
second ‘MUTsl-A7’ has the 5′ side sequence of the stem sub-
stituted by complementary nt bases, i.e. from 5′-GCGGGC-
3′ to 5′-CGCCCG-3′ to prevent potential formation of the
model stem–loop structure (Figure 1A and B). RT reac-
tions were performed with all dNTP equimolar at 500 M.
The cDNAs were then amplified by PCR with Taq poly-
merase to yield the ‘RT-PCR products’. The controls for
Taq polymerase slippage used two chemically synthetized
75 nt DNAs, whose sequence corresponds to that of the
test RNA sequence, used as template for PCR amplifica-
tion. This yields the ‘PCRproducts’ referred to below.Next,
the two RT-PCR and the two PCR products were used as
templates for Limited Primer Extension (LPE) analysis for
detecting the addition or omission of a base(s) in the T/A-
tract derived sequence. LPE reactions were performed with
one primer whose sequence is complementary to the tem-
plate sequence adjacent to the T-tract present in one of the
two strands of the RT-PCR and PCR products [the other
DNA strand has the corresponding A-tract]. The condi-
tions of the LPE reaction enable the primer to be extended
to the first template base position at which termination was
arranged to occur by incorporation of an acyclic dGTP
(acyGTP) base. This leads to efficient termination at the
first base C of the template encountered by the polymerase
during extension of the primer as the corresponding dGTP
standard substrate is absent from the reaction (seeMaterials
and Methods). The C at which LPE termination occurs is
5′ adjacent to the T-tract (other sites and acyclic dNTPs are
used as controls in Supplementary Data). The length of the
LPE product also depends on the occurrence of any indel in
the T-tract motif. In absence of slippage of the DNA poly-
merases used for amplification of the chemically synthe-
sized DNA (Taq polymerase control) and subsequently for
generation of the LPE product (Vent exo− polymerase), a
homogeneous length LPE product is expected. This is used
as a length marker. Comparison of the pattern of the LPE
product(s) generated from RT-PCR with the marker reveal
specific RT polymerase slippage-mediated base indels (Fig-
ure 1C).
With the wtSL-A7 construct, reverse transcription using
SuperScript™ III enzyme and all dNTPs present at 500M,
showed strong realignment-mediated addition of an extra
A (Figure 1D, lane 9) but no addition with the MUTsl-
A7 construct, where the potential for base-pair formation
is greatly diminished (Figure 1D, lane 18). The correspond-
ing control LPE marker showed no slippage addition for
both the WT (Figure 1C and D, lane 19) and mutant con-
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Figure 1. RNA stem–loop structure stimulator of reverse transcriptase slippage. Cartoon of chemically synthesized RNA template with presence (A) or
absence (B) of stem–loop structure 5′ adjacent to an A-tract motif. The RT reactions involve varying the dGTP (in brown& specified by the base 5′ adjacent
to the motif), dTTP (in green & the substrate specified by the motif), but keeping the dCTP and dATP concentrations constant (each at 500 M). The
subsequent analysis schemes are below each cartoon. LPE analysis (orange) involved a labeled primer that anneals 3′ adjacent to the slippage motif and
terminates at the base 5′ adjacent to the motif. (C) LPE marker controls for DNA polymerase slippage. Chemically synthesized DNA counterparts of the
corresponding RNA were used to generate a PCR product that served as template for LPE analysis. (D) LPE analysis with acyG terminators. Standard
LPE products (whose synthesis did not involve slippage and reflect the original length of the motif in the chemically synthesized template) are indicated
by an orange arrowhead.
structs (Figure 1C and D, lane 20). These LPE markers in-
dicate that the DNA polymerase reagents (i.e. Taq and Vent
exo-polymerases) are not responsible for the base addition.
However, the wtSL-A7 and MUTsl-A7 constructs do show
some omission of an A base (Figure 1D, lanes 9 and 18)
with a similar signal detection level as the corresponding
LPE markers (Figure 1D, lanes 19 and 20).
DNA-dependent RNA polymerase realignment is sensi-
tive to the relative concentration of the substrate specified
by the slippage site and by the DNA template base 5′ ad-
jacent to it (47). To assess whether this also pertains with
Reverse Transcriptase realignment, different dNTP concen-
tration ratios were assayed. Nine dNTP ratio combinations
with 5, 50 or 500 M for the dTTP (specified by the A-tract
slippagemotif) and 5, 50 or 500Mfor the dGTP (specified
5′ adjacent to the templatemotif) were tested; the dATP and
dCTP substrates were each present at 500 M. Presence of
the ‘model’WT stem–loop stimulated addition of T (Figure
1D, lanes 4–9); this stimulation was increased with higher
dTTP concentrations and higher ratios of [dTTP]:[dGTP]
(Figure 1D, compare lane sets 1–3, 4–6 and 7–9). In the ab-
sence of the ‘model’ stem–loop, base omission of T was pre-
dominant. The most stimulatory dNTP condition was the
lower ratio, 1:100, of [dTTP]:[dGTP], (Figure 1D, lane 12).
At the highest dTTP concentration tested, a modest level of
base addition is also observed but only at the highest ratio
of [dTTP]:[dGTP] (lane 16). These results indicate that the
RNA stem–loop is a strong stimulator for RT SuperScript™
III realignment directionality, promoting addition of an ex-
tra T in the cDNA, but not the omission of aT. Interestingly,
in absence of the RNA stem–loop structure, realignment di-
rectionality is the inverse. This directionality difference in-
dicates that the RNA stem–loop is also a strong inhibitor
for omission of a base complementary to a template base.
In summary, realignment efficiency and directionality is in-
fluenced by the relative dNTP concentrations and by RNA
template structure.
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Figure 2. Inter-molecular structural counterparts of the stimulatory stem–
loop for reverse transcriptase slippage. (A) Stimulation of slippage by an
antisense (red) annealed 5′ adjacent to theA-tractmotif. RT reactions were
performed using 3 relative dNTP concentration conditions in the absence
or presence, of titrated antisense RNA. (B) LPE analysis of the RT-PCR
products derived from the cDNA template, and of the PCR products de-
rived from the synthetic DNA template. Standard LPE products (whose
synthesis did not involve slippage and reflect the original length of the mo-
tif in the chemically synthesized template) are indicated by an orange ar-
rowhead.
As an alternative to the MUTsl-A7 construct whose po-
tential for ‘model’ stem–loop structure formation is abol-
ished by base substitution, we employed an RNA anti-
sense strategy to decrease the potential for model stem–
loop structure formation in the wtSL-A7 template. The re-
sult showed that presence of a 10 nt antisense RNA (anti-
5′stem), complementary to the RNA sequence 9 nt 5′ to the
7A’s, modestly decreases one base addition and enhances
base omission. These experiments also showed that the ef-
ficiency and/or the directionality of the realignment are af-
fected depending on the dNTP ratios (Supplementary Data
and Figure S1).
To assess potential intermolecular stem–loop structure
stimulatory action, we used anRNA antisense (anti-3′stem)
complementary to the 10 nt sequence 5′ adjacent to the
A7 motif in the MUTsl-A7’ RNA construct (Figure 2A).
The results, Figure 2B, show a strong effect of the anti-
sense RNA on slippage directionality and efficiency. This
antisense result with ‘MUTsl-A7’ is similar to the RT re-
alignment without antisense with the ‘wtSL-A7’ construct
(Figure 1). Increasing relative concentration of the anti-
sense ‘anti-3′stem’ correlates: (i) at equimolar dNTP, with
increasing base addition (Figure 2, lanes 9–12); (ii) at the
lowest dNTP ratio (i.e. [dTTP]5M:[dGTP]500M), with a
dramatically decreasing base omission of a base (lanes 5–8);
(iii) at the highest dNTP ratio (i.e. [dTTP]500M:[dGTP]5M)
with a slightly increasing base addition (lanes 1–4).
In conclusion, formation of an antisense RNA: template
RNAhybrid 5′ adjacent to themotif, mimics the presence of
an intramolecular RNA stem–loop structure with a similar
effect on realignment directionality and efficiency.
RT catalytic center positioning
Formation of the RNA model stem–loop 5′ to the slip-
page motif should act as a physical roadblock for the tran-
scribing RT polymerase on the A-tract. We first identified
the minimal number of nucleotides 5′ of an A7 motif at
which formation of the model stem–loop could stimulate
slippage. Base C 5′ adjacent to the motif was maintained in
all sequences. Derivatives of the ‘wtSL-A7’ construct were
made with 1, 2 or 3 nt insertions between the stem–loop
and the A-tract motif (Supplementary Figure S2, panel A).
The LPE results showed that by increasing the distance be-
tween the model stem–loop and the A7 tract by just one nt,
the stimulatory effect of the RNA stem–loop structure on
base addition is abolished. The results also show that the
inhibitory effect of the stem–loop on base omission is abol-
ished as well. Base omission is now more sensitive to dNTP
concentration ratio variation. This is most evident with a
higher concentration of the dGTP substrate (specified by
the template base 5′ adjacent to the A-tract motif), than
that of the dTTP substrate (specified by the slippage motif)
(Supplementary Figure S2A and C). The results withE. coli
RNA polymerase generated RNA, showed that the model
stem–loop 5′ adjacent to anA5motif does not, at equimolar
dNTP, stimulate SuperScript™ III-mediated base addition
(data not shown). Interestingly, similar experiments using
derivative constructs specifying themodel stem–loop 0, 1, 2,
or 3 nt 5′ to A5 motif, showed that though the RNA stem–
loop does not stimulate base addition on A5, its inhibitory
effect on base omission is present when the model stem–
loop is 5′ adjacent to the A5 (Supplementary Figure S2B
and C). The distance between the ‘road-blocking’ structure
formation and the A7 slippage motif was also explored by
antisense RNA experiments (Supplementary Results and
Supplementary Figure S3).
To summarize, intra- or intermolecular ‘stem’ structures
need to be 5′ adjacent to the re-alignment motif for opti-
mal stimulation of base addition. They also need to be 5′
adjacent for maximal inhibition of base omission. Taken
together, the results show that at the time of productive re-
alignment, the catalytic center of RT is mostly located at the
template position 3′ adjacent to the ‘stem’ structure.
G-rich sequences are also strong stimulators for slippage
To explore potentially relevant properties of G-rich se-
quences, four dsDNA constructs were made (Supplemen-
tary Methods). RNA generated from these with T7 RNA
polymerase had the sequence GGCGGCGGCGG 5′ adja-
cent to the A7 motif or separated from it by 1, 2 or 3 nt (C,
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UC or UUC) (Figure 3A). In the 5′ leader (UTR) of eu-
karyotic initiation factor-4A (eIF4A) mRNA this sequence
forms an RNA quadruplex (50). However, the structure po-
tentially formed in the transcripts utilized here could be dif-
ferent due the potential for pairing involving the U and C,
where present, in the spacer, and was not explored.
LPE analysis was performed with primer, R 821, com-
plementary to the sequence immediately adjacent to the
A-tract in one DNA strand of the (RT)-PCR product.
An acyC terminator mediates LPE termination at the site
specified by the template base position underlined in the
sequence 5′-G-spacer-A’s-3′ (Figure 3B, left). The varied
spacer lengths (0,1,2,3) determine the staggered LPE prod-
uct sizes, markers, seen on the gel. The shift is related to
the 1 nt length difference of the spacers involved (Figure
3B, PCR). With SuperScript™ III RT, at equimolar dNTP
the RT-PCR derived LPE products from all four constructs
contain detectable base addition (Figure 3B, lanes 1–4).
With dNTP ratio conditions that favor base addition, both
the efficiency of addition and number of bases added, in-
crease with spacer length extensions (Figure 3B, lanes 5–
8). In contrast, with dNTP ratio conditions that favor base
omission, both the efficiency of base absence and number of
bases missing, decreases with spacer length extensions (Fig-
ure 3B, lanes 9–12).
RT experiments have also been performed with RNA
template variants of the eIF4A-derived G-rich sequence,
two other G-rich sequences and their derivatives. With a
subset, stimulatory effects are evident at specific relative
dNTP concentration conditions (Supplementary Results
and Supplementary Figure S4).
In conclusion, G- rich sequences can have amajor impact
on slippage and its directionality.
WT retroviral reverse transcriptases exhibit similar realign-
ment
The reverse transcriptase from WT Moloney Murine
Leukemia virus (MuLV), the parent of SuperScript™ III,
plus the RTs from Avian Myeloblastosis virus (AMV) and
fromHIV-1 and HIV-2 were similarly tested withWTsl-A7,
and mutSL-A7 under the nine dNTPs concentration condi-
tions. In addition these RTs were tested with theWT, ormu-
tated, ‘model’ stem–loop 5′ adjacent to an A6 motif (wtSL-
A6 and MUTsl-A6) under equimolar dNTP concentration
condition. The results show a similar LPE product pattern
indicating that at identical RNA template and dNTP con-
centration conditions, the different RT polymerases tested
share a clear similar response to slippage directionality.
However, for specific reaction conditions, they can show
marked differences in their slippage propensity (Supple-
mentary Results and Supplementary Figure S5).
A retrotransposon RT mediates efficient slippage
Thermostable RTs encoded by group II introns from ther-
mophilic bacteria are proving very useful for next genera-
tionRNA sequencing (49) and one of them, TGIRT, is com-
mercially available and becoming widely used because of its
thermostability (60◦C) and advantageous template switch-
ing. TGIRT was first tested using the constructs specifying
the WT or mutated ‘model’ stem–loop 5′ to the A7 slip-
page motif. As described more fully in Methods, the exper-
imental conditions involved attachment of a preformed 41
bp DNA:RNA hybrid that is utilized as primer for reverse
transcription of the test template by the TGIRT enzyme.
The hybrid contained a one base overhang at the 3′ end of
the DNA. It is complementary to the base at the 3′ end of
the RNA test construct. The overhang base is utilized by
the RT enzyme to switch from the RNA of the hybrid to
the RNA test template. Such template switching (48) is uti-
lized in preparation of samples for deep sequencing. The
buffer conditions used for the preparation of the cDNA for
deep sequencing were the same as used here for the study of
TGIRT reagent slippage.
The first set of experiments was with WTsl-A7 and
mutSL-A7constructs. Reactions were performed using
three dNTP concentration conditions. RT reactions were
performed with 3 dNTP ratio conditions for the substrates:
(i) all 4 dNTPs at 1.25 mM, (ii) dTTP 12.5 M, other 3 at
1.25 mM, (iii) dATP at 12.5 M other 3 at 1.25 mM. The
results show that TGIRT also responds to RNA template
structure and specific dNTP concentration ratio. However,
for its slippage-mediated base addition the range of the
number of extra nucleotides wasmuch greater andwas from
1 to 50 nt (Supplementary Results and Supplementary Fig-
ure S6, panels A–C)
To determine the potential importance of the identity of
the RNA template base, C, 5′ adjacent to the A7 motif in
wtSL-A7 ( = wtSL/C-A7) and MUTsl-A7 ( = MUTsl/C-
A7), the C was substituted by G to give the constructs
‘wtSL/G-A7’ and ‘MUTsl/G-A7’. Also in the WT con-
struct a compensatory base substitution was made in the
sequence specifying the 5′ base of the 5′ side of the stem to
maintain base pairing (Figure 4A). In theMUT construct a
corresponding substitution to preclude base pairingwas not
necessary as its potential partner is already G (Figure 4B).
The second set of constructs ‘wtSL/U-A7’ and ‘MUTsl/U-
A7’ is as the first set except for the base adjacent to the mo-
tif being C with corresponding compensatory base substi-
tutions (A and U respectively) to maintain (wt), or to abol-
ish (MUT), stem–loop structure formation (Figure 4C and
D). RT reactions were performed using three specific dNTP
concentration ratios (1:1, 100:1 and 1:100) for the dNTP
substrate specified by the slippage motif and the RNA base
adjacent to the motif. LPE analysis showed a similar result
as obtained with the WT and mut ‘stem–loop’ model struc-
ture where the last base of the sequence specifying the 3′ side
of its stem has the base C 5′ adjacent to the A7 motif. The
RT slippage followed the dNTP ratio ‘rules’ where higher
substrate concentration specified by the slippagemotif stim-
ulates base addition (Figure 4E, lanes 2, 5, 8 and 11), and
where higher substrate concentration specified by the tem-
plate base 5′ adjacent to the motif, stimulates base omission
(Figure 4E, lanes 3, 6, 9 and 12). The RT slippage also fol-
lowed the rules of slippage directionality involving poten-
tial formation of the RNA structure 5′ of the motif. With
the wtSL constructs, base addition is stimulated, and with
the MUTsl constructs it is inhibited (Figure 4E, compare
lane sets 1–2 with 7–8, and 4–5 with 10–11). In contrast,
slippage omission of at least one base is favored in the ab-
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Figure 3. G-rich sequences are slippage stimulators. (A) Cartoon of the RNA templates generated in vitro using T7 RNA polymerase (‘T7 RNAP’) and
PCR product template (‘PT7 DNA’). Constructs contain a wild type (wt) G-rich sequence from eIF4A mRNA 5′ to the A7 motif. The nt spacing distance
(from 0 to 3 nt) is between the last (3′) G of the G-rich sequence and the A7 motif (bottom). Combination of the G-rich sequence with different spacer
lengths was tested as indicated in (B). LPE analysis of the RT-PCR product derived from the cDNA template, and of the PCR product derived from
the ‘PT7 DNA’ template. Standard LPE products (whose synthesis did not involve slippage and reflect the original length of the motif in the chemically
synthesized template) are indicated by an orange arrowhead.
sence of potential for RNA template stem–loop formation
(Figure 4E, compare lane 9 with 3, and lane 12 with 6). In
conclusion, the above result shows that the realignment for
the TGIRT enzyme is independent of identity of the base
located 5′ adjacent to the motif.
Next, we analyzed the stimulatory effect of the RNA
road-blocking ‘model’ structure 5′ to A6 and to the U6 mo-
tifs (Supplementary Figure S6A and B). RT reactions were
also performed using three specific dNTP ratios (1:1, 100:1
and 1:100) for the dNTP substrate specified by the slippage
motif and the RNA base adjacent to the motif. LPE anal-
ysis showed a similar slippage pattern for A6 as shown for
the A7 motif and it also followed the slippage rules involv-
ing dNTP ratio and potential RNA template structure for-
mation (Supplementary Figure S6, panels D and E with A6
motif). Interestingly, slippage occurs with the U6 motif and
follows the ‘slippage rules’ (Supplementary Figure S6, pan-
els D and E with U6 motif).
In conclusion, these results show that the non-retroviral
RT enzyme behaves similarly to the retroviral RT enzyme in
terms of template structure and dNTP influences, although
the number of bases inserted by TGIRT enzyme slippage
is dramatically higher, ranging up to more than 50 bases
instead of just 1.
Retrotransposon gag-pol slippage candidates
A bioinformatic analysis of LTR retrotransposons revealed
several that may utilize recoding in synthesis of their Gag-
Pol, with some being candidates for utilization of tran-
scription slippage (51). We selected three of these candi-
dates for in vitro testing of TGIRT enzyme slippage dur-
ing reverse transcription of cassettes. In the two Drosophila
melanogaster candidates tested pol was in the –1 frame with
respect to gag, whereas in the third candidate, which was
from maize (Zea mays), its pol was in the +1 frame with
respect to gag. Drosophila candidate Dme1 ChrX 2630566
has the motif 5′-AU6-3′ and was tested with a chemically
synthetized RNA containing 22 nt 5′ and 26 nt 3′ to the mo-
tif (Figure 5, A). Candidate Dme1 Chr3 26087113 has the
motif 5′-GA4U4-3′ and the chemically synthetized RNA to
test it contained 18 nt 5′ and 32 nt 3′ of the motif (Supple-
mentary Figure S7A andC). Tomore closely resemble phys-
iological conditions, in these reactions the TGIRT-mediated
reverse transcription was performed at room temperature
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Figure 4. Retrotransposon TGIRT enzyme slippage. Chemically synthe-
sized RNA template with variants of the model stem–loop (A, C) or no
stem–loop structure (B, D) 5′ adjacent to an A7 slippage motif. The vari-
ants differ from the model stem–loop by the identity of the RNA base 5′
adjacent to the A7 with compensatory substitution to maintain base pair-
ing at the bottom of the stem (A, C), or prevent base pairing at that posi-
tion (B, D). In vitro TGIRTRT reactions were performed with three dNTP
ratio concentration conditions between the substrate specified by the mo-
tif and that specified by the base 5′ adjacent to the motif (12.5 M, 125
M or 1.25 mM). The corresponding substrates are noted under their re-
spective constructs and were at either 12.5 M, 125 M or 1.25 mM each
(with each of the two other dNTPs at 1.25 mM). (E) LPE analysis of the
RT-PCR products was performed with similar strategy as shown in Fig-
ure 1. Standard LPE products (whose synthesis did not involve slippage
and reflect the original length of the motif in the chemically synthesized
template) are indicated by an orange arrowhead.
and in low salt buffer (this differed from the 60◦Cand higher
salt conditions utilized in the switching template experiment
above). The RT reaction was performed with a sequence
specific primer for each test candidate cassette. Each candi-
date was tested with 3 specific dNTP ratios (1:1, 100:1 and
1:100) for the dNTP substrate specified by the slippage mo-
tif and the RNA base 5′ adjacent to the motif. LPE analy-
sis showed slippage for the candidate Dme1 ChrX 2630566
having the U6 tract in the RNA template: efficiency and
distribution follow the dNTP rule for slippage (Figure 5B).
CandidateDme1 Chr3 26087113 showed no slippage (Sup-
plementary Figure S7C).
The Maize candidate (gi 7262818 71383 R) has the mo-
tif 5′-UA4C3-3′. This candidate contains a conserved RNA
template forming structure specified by 25 nt 5′ to the
A4C3 motif (51), that is a candidate cis-acting RNA road-
blocking element for stimulation of RT slippage. LPE anal-
ysis showed no relevant slippage for the (sub)-motif AC3
(Supplementary Figure S7B and D, with acyT LPE reac-
tion) but showed marginal slippage-mediated addition of
one base under all dNTP condition indicating that the A4
motif in the sequence UA4C3 is a poor but ‘active’ slippage-
prone motif (Supplementary Figure S7B and D with acyA
LPE reaction).
DISCUSSION
Two common features are evident for RT slippage direc-
tionality by all RT polymerases tested. The ‘dNTP rule’
is that a higher concentration of the cognate substrate
specified by the template base 5′ adjacent to the slippage
motif, than of the substrate specified by the motif, fa-
vors slippage-mediated base omission. When the ratio is
reversed, slippage-mediated base addition is favored. The
concentration of each dNTP used in our RT reaction with
retroviral RT polymerase is in the M range whereas with
the Retrotransposon-derived TGIRT polymerase, the high-
est ratio is in the mM range. The equimolar dNTP condi-
tions used in the present in vitro work are similar to those
used in cDNA preparation for NGS analysis. The dNTP
imbalance conditions used in the present work were rel-
atively high, 10-fold. Even with ca. 3-fold dNTP imbal-
ance substantial effects on DNA polymerase fidelity have
been detected in vivo. Notably, the phenotype associated
with an analogue of a colorectal cancer causing DNA poly-
merase mutator mutant is due to its causing an S-phase
checkpoint-dependent elevation of dNTP pools (52). Other
results also point to important correlations of dNTP pool
levels with DNA polymerase mutator activities (53), and
mutants of a deoxyribonucleoside triphosphate triphospho-
hydrolase that influence the level and balance of dNTP
pools, are frequent in colon cancer cells (54).
With reverse transcriptases, road-blocking involves the
template structure being crucial for slippage directional-
ity because it limits RT polymerase access to the template
base 5′ adjacent to the motif. This effect is irrespective of
base identity. Road-blocking stimulates slippage-mediated
base addition and inhibits slippage-mediated base omis-
sion. How does road-blocking and the ‘dNTP’ rule influ-
ence in which direction the RT polymerase will slip?
Standard synthesis of the cDNA transcript is achieved
by successive nt addition at the 3′ end of the cDNA tran-
script. The RT is in its pre-translocated state when incor-
poration of the substrate occurs to yield the 3′ end of the
cDNA in the polymerase’s catalytic center (Figure 6A, C
and E). After RT translocates one nt forward to the next
template base, and its catalytic center is free of the cDNA 3′
end, the RT is in its post-translocated state (Figure 6B and
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Figure 5. Retrotransposon slippage candidate genes. (A) Sequence of the Drosophila frameshifting candidate Dme1 ChrX 2630566 with motif 5′-AU6A-
3′ (51). This RNA was chemically synthesized. (B) LPE analysis of the RT-PCR (using cDNA as template) and PCR (using synthetic DNA as template)
products, were performed with similar strategy as shown in Figure 1 using specific primers. Standard LPE products (whose synthesis did not involve
slippage and reflect the original length of the motif in the chemically synthesized template) are indicated by an orange arrowhead.
D). In absence of substrate in the catalytic centre, RT can
oscillate between post-translocation and pre-translocation
conformations (Figure 6, sets A and B, C and D).
When the leading edge of the RT polymerase encoun-
ters relevant template RNA structure (Figure 6, H), its pro-
gression is restrained at the pre-translocation state (Figure
6C) increasing the propensity for backward realignment of
the cDNA 3′ end. When the cDNA: RNA hybrid contains
an appropriately positioned slippage-prone sequence there
is pairing potential in the backward realigned cDNA (at
least its 3′ end). Such a 1 nt backward realignment would
mimic the situation where the RT polymerase is in the post-
translocation state (Figure 6G). The template base in the
RT catalytic centre is available for pairing with the sub-
strate, and so productive substrate incorporation that yields
slippage-mediated base addition (Figure 6, from G to C af-
ter incorporation of the substrate).
In the absence of templateRNA structure, whenRTpoly-
merase transcribes a ‘slippery’ sequence the cDNA:RNA
hybrid is prone to realign in either direction. cDNA back-
ward realignment is at a lower level than when a template
structure is at the leading edge of the polymerase (Figure 6,
fromC toG). cDNA forward realignment involvesRTpoly-
merase in the post-translocation state being transformed to
the pre-translocation state (Figure 6, from B to F). Evi-
dence for this assertion comes from several aspects of the
results. Firstly, high relative substrate concentration speci-
fied by the motif base inhibits slippage that generates prod-
uct lacking a base compared to the template. This is perhaps
due to pairing of substrate base with the template base at
the catalytic center as it would prevent pairing of the for-
ward realigned cDNA 3′ end base (Figure 6B). Secondly,
the finding that relatively higher concentration of the sub-
strate, specified by the template base 5′ adjacent to the mo-
tif, strongly stimulates base omission, is explicable by re-
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Figure 6. Model of RNA template structure influence on RT slippage. RT enzyme (open black rectangle) with the RNA template (red) and the nascent
cDNA (blue). The polymerase and RNase H catalytic centers are pink and green rectangles respectively. The two 5′ bases of the RNA slippage motif
are indicated by green closed circles and the base 5′ adjacent to the motif is indicated by a brown closed circle. Their corresponding cognate substrate is
indicated with green and brown closed squares respectively. Inhibition and stimulation effect are indicated by – and + symbols. Standard RT transcription
(A–E). Forward realignment-mediated base omission (B–F) occurs from a polymerase Post-translocation state in the absence of the cognate substrate in
the catalytic center, and following polymerase forward translocation (F–D) is productively locked by incorporation of the substrate specified by the next
template base (D–E). Backward realignment-mediated base addition (C–G) occurs from a polymerase Pre-translocation state stimulated by the formation
of the template structure (H), and is productively locked by incorporation of the cognate substrate (G–C).
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alignment locking following this template base locating in
the catalytic center (Figure 6 from F to D). Consistent with
this, availability of the base 5′ adjacent to the RNAmotif is
crucial for base omission since its sequestration in template
stem pairing (intra-template or antisense pairing) (Figure
6H) inhibits base omission (Figure 6, from F to D). Ac-
cordingly, a requisite for productive forward realignment is
that prior to its occurrence, the RT polymerase is in a post-
translocation state with the 3′ end of the cDNA being base
paired to the template base second from the 5′ end of the
RNA motif (Figure 6B). Even though substrate base pair-
ing serves to lock realigned hybrid pairing, the potential for
reversal of realignments is indicated by the strong effect of
relative dNTP concentration on modulating slippage direc-
tionality. This implies that substrate pairing is slower than
realigned hybrid formation.
Our ‘roadblock stimulatory RT slippage’ model high-
lights the dependence of productive slippage on RT poly-
merase translocation state and cognate substrate incorpo-
ration. Though this model involves realignment of the 3′
end of the cDNA in either direction with respect to the tem-
plate, it does not give any explanation about the trigger for
the realignment process. A previous model for HIV-1 RT
slippage-mediated base omission involves ‘template-strand
slippage’ with a separate model for HIV-1 RT base addi-
tion involving ‘primer-strand slippage’ (35). These models
feature either potential formation of an extrahelical base (a
bulge) or base sharing. WT HIV-1 RT enzyme has a five-
fold greater efficiency for base addition than base omis-
sion (35). Substitution of HIV-1RTGlu89 by other residues
leads not only to a decrease of slippage-mediated base omis-
sion in favor of an increase of base addition, but it also leads
to a decrease of base substitution errors. Glu89 is in close
proximity to the sugar phosphate backbone of the template
strand near the penultimate base pair. Its importance for fi-
delity and slippage directionality has been suggested to be
due to increased dNTP binding pocket stability (35). An al-
ternative explanation linked to our model, is that WT and
position 89 variants differentially favor the pre- and post-
translocation states. Knowledge of a possible correlation
between WT and position 89 variants and both HIV-1 RT
translocation state and slippage directionality, would be in-
formative.
Potential utilization of structure stimulated slippage
The results here show that a cassette fromDrosophila retro-
transposonDme1 chrX 2630566 containing an AU6motif,
exhibits strong slippage with sensitivity to relative dNTP
concentration conditions. In addition, a cassette with a
Maize retrotransposon sequence that has conserved poten-
tial for template stem–loop structure formation 5′ to a mo-
tif A4C3, showedmarginal slippage-mediated addition of T.
Given the widespread occurrence and importance of retro-
transposons, these results highlight the need for systematic
studies to reveal the extent of their functional utilization of
RT slippage.
Replication of the single-stranded, positive sense, RNA
genome of SARS Coronavirus involves a viral-encoded
RNA-dependent RNA polymerase. Polymerase expression
involves -1 ribosomal frameshifting at a U-UUA-AAC se-
quence (55–57). Together with 5′ bases, it is part of a
GU5A3C sequence. Interestingly, a potential 10 bp-stem 4
nt-loop structure forms 2 nt 5′ to the GU5A3C sequence
and causes reduced frameshift-derived product (58). Dur-
ing replication of the (+) strand such a stem–loop would be
ahead (5′) of the U5A3 motif. This raises the possibility of
it leading to road-block-induced slippage at the U5A3 mo-
tif, and so being a counterpart of the situation shown for
the HIV frameshift site. The potential for HIV functional
utilization of RT and its implications are considered in the
accompanying ms (59).
The finding of RNAG-rich sequence stimulated RT slip-
page is of interest and its possible extension to DNA-
dependent RNA polymerase slippage merits investigation.
The widespread distribution of G-rich sequence in RNA
has implications for the common use of reverse transcrip-
tase in generating cDNA for deep-sequencing.
Interest in the potential of synthetic compensatory
frameshifting near the sites of frameshift mutations to ame-
liorate a subset of genetic disease, prompted the testing of
complementary oligonucleotides for frameshift stimulatory
effects (60–63). Whether sequences that can bind to DNA,
such as CRISPR-cas nickase mutants (64,65), would cre-
ate a counterpart partial ‘roadblock’ structure for slippage
stimulation, merits future work.
Perspectives
The results highlight the need for caution before assuming
that RT products faithfully reflect template sequence. This
caution extends to TGIRT. Though it is known to cause a
very low rate of base substitution errors, nevertheless in the
present work exhibits the highest level of slippage errors.
Extrapolating from the polymerase properties identified
here to other polymerases, the recent increase in the modest
number of known occurrences of productive utilization of
transcription slippage for enriching gene expression, seems
set to further increase. More generally, it extends aware-
ness of the potential for template structure to stimulate slip-
page by diverse types of polymerase, and permits further
parallels between context features that promote ribosomal
frameshifting and transcription slippage.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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